Four of five apple cultivars (Golden Delicious, Red Delicious, McIntosh, Macoun, and Melrose) inoculated with Escherichia coli O157:H7 promoted growth of the bacterium in bruised tissue independent of the date of harvest (i.e., degree of apple ripening) or the source of the apple (i.e., tree-picked or dropped fruit). Apple harvest for this study began 4 September 1998 and ended 9 October, with weekly sampling. Throughout this study, freshly picked (<2 days after harvest) McIntosh apples usually prevented the growth of E. coli O157:H7 for 2 days. Growth of E. coli O157:H7 did occur following 6 days of incubation in bruised McIntosh apple tissue. However, the maximum total cell number was approximately 80-fold less than the maximum total cell number recovered from Red Delicious apples. When fruit was stored for 1 month at 4°C prior to inoculation with E. coli O157:H7, all five cultivars supported growth of the bacterium. For each apple cultivar, the pH of bruised tissue was significantly higher and°Brix was significantly lower than the pH and°Brix of undamaged tissue regardless of the source. In freshly picked apples, changes in the pH did not occur over the harvest season. Bruised Golden Delicious, McIntosh, and Melrose apple tissue pHs were not significantly different (tree-picked or dropped), and the°Brix values of McIntosh, Macoun, and Melrose apple tissue were not significantly different. Single-cultivar preparations of cider did not support growth of E. coli, and the cell concentration of inoculated cider declined over an 11-day test period. The rate of decline in E. coli cell concentration in the McIntosh cider was greater than those in the other ciders tested. The findings of this study suggested that the presence of some factor besides, or in addition to, pH inhibited E. coli growth in McIntosh apples.
On several occasions, apple cider (defined for this article as a fresh unfermented juice extracted from apples that has not been heat treated) has been strongly implicated or found responsible for outbreaks of disease caused by Escherichia coli O157:H7. The first reported outbreak of disease presumably caused by this pathogen and associated with the consumption of apple cider occurred in 1980 in Canada (27) . In the United States, three reported outbreaks of disease associated with the consumption of apple cider have occurred in the last decade (3, 5, 6) . The first of these outbreaks occurred in Massachusetts in 1991 and resulted in 23 reported cases of E. coli O157:H7 infection. The next two outbreaks (Connecticut and Washington State) occurred in the fall of 1996. These two outbreaks resulted in a total of 78 reported cases and the first reported death associated with consumption of this product and E. coli O157:H7 infection (5, 6 ).
An important unanswered question in regard to these outbreaks is the source(s) of E. coli O157:H7 for contamination of the manufactured cider. Cattle, sheep, deer, birds, and many other animals can serve as reservoirs for this microbe (4, 9, 17, 24, 26, 28) . Insects such as the lesser mealworm (Alphitobius diaperinus Panzer) and the house fly (Musca domestica) have also been shown to carry this pathogen (15, 21) . Fruit flies (Drosophila melanogaster Meigen) have recently been shown to have the potential to transmit this microbe to apples (16) . Apples obtained from the ground beneath the tree (i.e., dropped apples) are highly suspect as the source of E. colicontaminated apple cider (6, 14) , and wild deer have been considered to be a major source for fecal contamination of dropped apples. However, no direct link between E. coli in deer and E. coli in apple cider has been documented. Also, no direct evidence linking the use of dropped apples to fecal contamination of cider has been presented. Cider manufactured using only tree-picked (i.e., obtained directly from the tree) fruit has been found to contain E. coli (8) .
One issue seemingly overlooked in discussions on the source of E. coli O157:H7 in cider is the distinction between surface contamination of the fruit due to fecal contact and internal contamination of the fruit due to bacterial growth. Discussions (11) have focused on surface contamination of apples as the source for cider contamination, and regulations to require washing and brushing of apples prior to cider production are being implemented (12) . Although the potential for this pathogen to contaminate cider when surface-contaminated apples that have been washed and brushed are used is unknown, the ability of E. coli O157:H7 to grow in damaged apple tissue would present an increased potential for this bacterium to contaminate cider. Recently, Janisiewicz and associates (16) reported the growth of E. coli O157:H7 in damaged apple tissue. For that study, the damaged tissue was produced on Golden Delicious apples without reference to the time of apple harvest. Growth of this microbe in damaged tissue of several different apple cultivars and throughout the harvest season would further extend the potential risk for cider contamination by this pathogen.
This article reports the results of an investigation to determine whether the susceptibility of damaged (i.e., bruised) apple tissue to promote the growth of E. coli O157:H7 varies with the apple cultivar, the degree of apple maturity at harvest, and the source (tree-picked or dropped fruit) of harvested fruit. A weekly analysis of apple cultivar pH and°Brix (soluble sugars) was also done to determine whether changes in these parameters occurred and whether such changes might affect susceptibility.
MATERIALS AND METHODS
Collection and bruising of apple cultivars. Beginning 4 September 1998, apples were collected on a weekly schedule from a commercial apple orchard located in central Connecticut. Five different apple cultivars (Golden Delicious, Red Delicious, McIntosh, Macoun, and Melrose) were collected on each visit. The same trees were used for each collection date, and apples of similar sizes were harvested. During each collection period, two tree-picked and two dropped apples were obtained for each cultivar and were placed into separate plastic bags. The collected apples were transported to the laboratory and stored at 4°C. One day after collection, each apple was bruised by dropping the fruit onto a tile floor from a height of about 1 m and catching the apple on the rebound. The surface of the apple was not ruptured, and all bruises were similar in size. Two bruises (on opposite sides) were produced on each apple, and the fruit was placed into Nalgene (Nalge Nunc International, Rochester, N.Y.) tubs lined with plastic bags and incubated at room temperature (20 to 25°C). In addition to collecting fresh samples on a weekly basis, tree-picked and dropped apples of each cultivar were harvested on 25 September and stored at 4°C for 1 month prior to bruising.
Inoculation of apples with E. coli O157:H7. A fluorescent and ampicillin (AMP)-resistant strain of E. coli O157:H7 (E. coli O157:H7 gfp-72ec; P. M. Fratamico, Agricultural Research Service, U.S. Department of Agriculture, Eastern Regional Research Center, Wyndmoor, Pa.) (13) was grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.)-AMP (50 g/ml; Sigma Chemical Co., St. Louis, Mo.) for 18 h at 37°C for use in apple inoculation. This bacterial culture was diluted into sterile saline prior to inoculation, and the total cell number of this inoculum was determined by serial dilution plating onto brain heart infusion agar plates containing AMP (50 g/ml). One day after being bruised, one tree-picked apple and one dropped apple from each cultivar were inoculated with 0.1 ml of the E. coli O157:H7 saline dilution per bruise by hypodermic needle injection into the damaged tissue. The holes in the apple cuticle resulting from the injection procedure were sealed with Scotch tape, and the inoculated fruit was returned to the Nalgene tub for incubation at room temperature.
Analysis of apple tissue for the presence of E. coli O157:H7. For each apple, both bruises were excised into a sterile beaker 2 days Ϯ 1 h after inoculation. A razor blade was used to cut the apple cuticle around the periphery of the bruise, and a stainless steel spoonula (Fisher Scientific, Pittsburgh, Pa.) was used to scrape the damaged tissue from the apple. A second spoonula (bent at a 90°a ngle) was used to squeeze the juice from the damaged tissue. The razor blade and spoonulas were soaked in antiseptic detergent (Conflikt; Decon Labs, Bryn Mawr, Pa.) and thoroughly cleaned and dried using Kimwipes (Kimberly-Clarke Corp., Roswell, Ga.) between use on each apple. The juice was collected in a 10-ml plastic culture tube, and the volume was measured. Serial dilutions of the juice were made into TPAP broth (20 g of Difco tryptose broth, 2.5 g of Difco yeast extract, 2 g of glucose, 2.5 g of Na 2 HPO 4 ⅐ 7H 2 O, 2.5 g of NaCl, and 1 g of sodium pyruvate/liter) (19) for plating onto TPAP agar plates. Plates were incubated at 37°C, and, 2 days after plating, green fluorescent colonies observed under a UV lamp (365 nm) were counted to obtain total cell numbers in the collected juice. Analysis of apple tissue for the presence of E. coli O157:H7 over a prolonged time period. Six tree-picked apples of the cultivars McIntosh and Red Delicious that had been freshly picked (1 to 2 days) were bruised and inoculated with E. coli O157:H7 as described above, placed in Nalgene tubs, and incubated at room temperature for analysis of bacterial growth over several days. Additionally, six apples of these two cultivars that had been harvested on 25 September and stored for 1 month at 4°C were bruised and injected with this microbe. At various times postinjection, damaged tissues were excised and analyzed for the presence of E. coli O157:H7 as described above.
pH and°Brix measurements. pHs for undamaged and bruised apple tissue of uninoculated apples were determined using an Accumet AP61 portable pH meter and an AccuFet solid-state electrode (Fisher Scientific) which had been standardized using pH 4.0 and 7.0 standard reagents. Measurements were made by inserting the electrode into the tissue after the apple cuticle was cut. The pH of apple juice extracted from inoculated apples was measured using Hydrion pH paper (pH range, 3.0 to 7.5 in 0.5 increments; Micro Essential Laboratory, Brooklyn, N.Y.).°Brix values for juice samples obtained from uninoculated apples were measured using a Fisherbrand (Fisher Scientific) hand-held Brix refractometer standardized using H 2 O equilibrated to room temperature.
Small-scale production of cider using a single apple cultivar. Apple ciders were produced using only two tree-picked apples of the same apple cultivar for each cider. Ciders were produced using McIntosh, Red Delicious, Golden Delicious, and Melrose apples. For each cider, the fruit was washed and cut into slices prior to homogenization in a blender (Waring Products Division, New Hartford, Conn.). The resulting apple pomace was transferred onto cheesecloth and wrapped into a ball. The ball of pomace-containing cheesecloth was handsqueezed over a funnel leading into a sterile bottle. Washed latex gloves were worn during the squeezing process. The bottle containing the collected extract (i.e., cider) was capped and stored at 4°C until needed. Cider was stored no longer than 1 week prior to use. For experiments in which the growth of mold and bacteria in cider was to be inhibited, cycloheximide (1 mg/ml; Sigma Chemical Co.) and AMP (50 g/ml) were added to the cider immediately after production.
Statistical analysis of data. Total bacterial cell recovery following inoculation, pH, and°Brix comparisons among the various apple cultivar samples (harvested as tree-picked or dropped apples and used as fresh or stored fruit) were statistically analyzed using the mean and standard error of each sampling. Means and standard errors were calculated using the results of at least two sample measurements. Comparisons using two sample t test distribution analyses and analysis of variance (ANOVA) (Excel; Microsoft Corp., Redmond, Wash.) at a confidence interval of 95% (P Յ 0.05) were performed to determine the statistical significance of differences between sample means.
RESULTS
Extraction of E. coli O157:H7 from bruised apple tissue. Prior to monitoring growth of E. coli O157:H7 in bruised apple tissue, it was necessary to know the efficiency with which the protocol used in this investigation (i.e., squeezing bruised tissue to obtain juice and bacteria) would extract this bacterium. .9% Ϯ 4.9%, respectively. These extraction efficiencies were not significantly different (P Ͼ 0.6). For the four cultivars tested, the combined efficiency of extraction of this microbe from bruised apple tissue using the procedure described in this article was 30.3% Ϯ 3.0% of the E. coli O157:H7 organisms present. Golden Delicious apples were not tested for this experiment. However, testing of Golden Delicious and Red Delicious apples at a later date (three samples each; September 1999) demonstrated extraction efficiencies of 43.6 Ϯ 2.2 and 29.9% Ϯ 1.8%, respectively.
Growth of E. coli O157:H7 in bruised apple tissue. To ascertain whether E. coli O157:H7 would grow in bruised apple tissue and whether the apple cultivar, date of apple harvest, or source of the apples (i.e., tree-picked or dropped fruit) would influence the ability of this bacterium to grow in bruised apple tissue, an injection/extraction study as outlined in Materials and Methods was conducted on five different apple cultivars. Throughout this experiment, bacteria other than E. coli O157:H7 were not isolated from the bruised apple tissue.
The results of this study for the cultivars McIntosh and Red Delicious are shown in Table 1 . Growth of E. coli O157:H7 in the Golden Delicious, Macoun, and Melrose cultivars was similar to growth in the Red Delicious cultivar. Apples of these four cultivars were susceptible to the growth of E. coli O157:H7 in damaged tissue independent of the date of harvest (i.e., stage of development), and dropped fruit did not differ from tree-picked fruit in promoting the growth of E. coli.
Interestingly, bruised tissue of McIntosh apples had an inhibitory effect on the growth of E. coli O157:H7 (Table 1) . Four out of six weekly samples of fresh tree-picked and dropped McIntosh apples had bacterial recovery counts less than bacterial injection counts after accounting for a 30% efficiency of extraction. When stored at 4°C for 1 month prior to testing, fruit of all five cultivars supported growth of E. coli O157:H7 (Table 1 ; data for 27 October) after accounting for a 30% extraction efficiency.
Prolonged exposure of E. coli O157:H7 to bruised tissue of McIntosh and Red Delicious apple cultivars. Because E. coli O157:H7 growth appeared to be inhibited in bruised McIntosh apple tissue during a 2-day period of exposure (Table 1) , an investigation to study the growth pattern of this bacterium in bruised McIntosh tissue over a longer time period was performed. The Red Delicious apple cultivar was used for comparison since E. coli O157:H7 grew well in this cultivar during the 2-day study.
This experiment, described in Materials and Methods, used freshly picked (1 to 2 days) apples and apples which had been stored for 1 month at 4°C. Classical bacterial growth profiles were observed for growth of E. coli O157:H7 in all bruised apple tissues tested (Fig. 1) . After an initial drop in cell number 1 to 2 days postinoculation for McIntosh apples, exponential growth of E. coli occurred over a 4-to 5-day period. For all fruit tested, bacterial growth reached a maximum total cell number (i.e., stationary-growth phase) approximately 6 days after inoculation of the bruise and room temperature incubation. The maximum total cell number determined for growth of this pathogen in freshly picked McIntosh apple bruises ([7.4 Ϯ 2.3] ϫ 10 5 CFU; six samples) was approximately 80-fold less than the maximum total cell number measured for growth in fresh Red Delicious apples ([5.8 Ϯ 0.3] ϫ 10 7 CFU; seven samples). Maximum total cell number was calculated as the average of the total cell counts obtained from inoculated bruises incubated for 6 days and longer following a correction for the efficiency of bacterial extraction from the tissue. However, the maximum total cell number determined for E. coli O157:H7 growth in bruised tissue of McIntosh apples that had been stored at 4°C for 1 month ([4.2 Ϯ 1.1] ϫ 10 7 CFU; eight samples) was not significantly different from the maximum total cell number determined for E. coli growth in bruised tissue of fresh (P Ͼ 0.2) or stored (P Ͼ 0.1) Red Delicious apples. This finding suggested that some property inhibitory to the growth of E. coli was lost from the McIntosh apples during storage.
The maximum total cell count determined for growth of E. coli in Red Delicious apples that had been stored at 4°C for 1 month ([2.4 Ϯ 0.5] ϫ 10 7 CFU; 11 samples) was approximately 2.5-fold less than the maximum total cell count recovered from fresh Red Delicious apples. A statistical t test inferential analysis determined this to be a significant difference (P Ͻ 0.001). For Red Delicious apples, storage lowered the potential of the fruit to promote growth of E. coli O157:H7.
The pHs of the juices extracted from the inoculated McIntosh and Red Delicious apples (fresh or stored) were tested by Hydrion paper and found to be approximately 4.5 and 5.5, respectively. These pH values did not show any major change over the course of this experiment.
Apple pH and°Brix over the harvest season. For the five apple cultivars used in this study, Table 2 shows the averaged results of weekly pH and°Brix measurements performed on undamaged and bruised apple tissue obtained from fresh apples (4 September to 9 October) that were harvested as either tree-picked or dropped fruit. Also shown are the average pH and°Brix values for undamaged and bruised apple tissue measured following storage of these apples for 1 month at 4°C (27 October data).
For each apple cultivar examined, the pH of bruised-apple tissue was significantly higher than the pH of undamaged apple tissue regardless of the apple source (i.e., tree-picked or dropped) or age (i.e., fresh or stored). Comparisons within the cultivars showed that (whether fresh or stored apples) undamaged tree-picked fruit had a pH less than the pH of undamaged dropped fruit for these five cultivars. Also, Red Delicious apples had tissue pHs that were significantly higher than those of The total number of cells recovered following juice extraction from the bruised tissue multiplied by 3.3 (correction for the 30% efficiency of bacterial extraction from bruised tissue). Apples harvested were either hand-picked directly from the tree (tree-picked) or obtained from the ground (dropped).
b Apple testing date. The apples had been harvested and stored at 4°C for 1 month prior to this date.
VOL. 66, 2000 FACTORS AFFECTING GROWTH OF E. COLI IN BRUISED APPLES
the other cultivars independent of the apple source or whether the tissue was undamaged or bruised. For undamaged tree-picked fruit (fresh or stored), the pHs of Golden Delicious, McIntosh, Macoun, and Melrose apples were not significantly different based on ANOVA comparisons of the cultivars (Table 3) . Additionally, the pHs of Golden Delicious, McIntosh, and Melrose apples were found to be not significantly different regardless of whether undamaged dropped fruit (fresh or stored) or bruised apple tissue (from tree-picked or dropped fresh apples) was compared. When the c Apples harvested were either hand-picked directly from the tree (tree-picked fruit) or obtained from the ground (dropped fruit) and were either healthy (undamaged) or had been dropped onto a tile floor to damage the tissue (bruised).
d Apples were harvested on a weekly basis (4 September to 9 October) and tested within 1 to 2 days of harvest (fresh) or had been harvested and stored at 4°C for 1 month prior to testing on 27 October (stored). (Table 2) . However, comparisons between the°Brix values of bruised and undamaged apple tissue for stored apples, regardless of the apple cultivar or source, did not demonstrate significant differences. Except for stored Golden Delicious and fresh Red Delicious apples, the°Brix of tree-picked fruit was found to be not significantly different from the°Brix of the corresponding dropped fruit cultivar in undamaged, bruised, fresh, and stored apple comparisons.
In comparisons between apple cultivars, the°Brix values of fresh tree-picked McIntosh, Macoun, and Melrose apples (whether undamaged or with bruised tissue) were not significantly different (Table 3) . Golden Delicious apples generally had°Brix values that were significantly higher than those for the other cultivars independent of the apple source or whether the tissue was undamaged or bruised. Intercultivar comparisons of dropped apples (undamaged or bruised) produced°B rix values that were not significantly different for all but the Golden Delicious. The°Brix values of stored tree-picked fruit (undamaged or bruised) for the five cultivars were not significantly different.
For each of these five cultivars, the pH did not significantly change over the course of the study (September to October). The°Brix did demonstrate a trend toward increasing for each of the cultivars over this time period. However, the pH and°B rix values of these five cultivars were not important factors influencing a change in the ability of E. coli O157:H7 to grow in the fruit over the time period of this study.
Growth of E. coli O157:H7 in cider produced from an individual apple cultivar. Apple cider is generally produced from a blend of different apple cultivars. In New England, McIntosh varieties are predominant components of this blend (personal observation). Although E. coli O157:H7 remains viable in cider, the bacterium does not appear to grow in cider (10, 29) . Suppression of bacterial growth in cider is reportedly due to the low pH (22, 23) . Experiments in which the pH of cider has been adjusted to 7.0 readily permitted E. coli to grow in cider (data not presented). However, other factors may also work to suppress growth of this bacterium in cider. Cider fermentation effectively destroys E. coli (25) .
To determine whether use of McIntosh apples in the production of cider might be affecting the ability of this organism to grow or survive in cider, ciders (30 ml each) that had been produced using apples of a single cultivar were inoculated with E. coli O157:H7 (2.2 ϫ 10 4 CFU) and incubated at room temperature. At selected times, samples were removed from the inoculated ciders and measured for E. coli cell concentration. Fruit (McIntosh, Red Delicious, Golden Delicious, and Melrose) used to produce these ciders had been stored at 4°C for more than 1 month prior to juice extraction. Macoun apples were not tested. Table 4 shows that E. coli O157:H7 did not grow in singlecultivar cider produced from any of the fruit tested. Inhibition of mold and bacterial growth in the cider by the presence of cycloheximide and AMP also did not induce growth of this microbe. The strain of E. coli O157:H7 used was resistant to AMP. These findings demonstrated that the suppression of the growth of E. coli in these ciders was due to a factor(s) other than the presence of McIntosh apples in the cider or the metabolic activity of other microbes. Interestingly, the rapid drop in the percentage of E. coli cells present in the McIntosh cultivar cider in comparison to the other ciders (Table 4) suggested that some property other than pH affected the survival of this bacterium in the McIntosh cider. The pH of the McIntosh cider was not significantly different from the pHs of the Golden Delicious and Melrose ciders.
DISCUSSION
With the exception of Melrose, the apple cultivars used in this study are among the varieties that are predominantly used in the production of apple cider (18) . Since this investigation examined apple susceptibility to E. coli growth as influenced by apple maturity, Melrose was included to represent late-maturing apples. All of the cultivars tested promoted growth of E. coli O157:H7 in damaged apple tissue independent of the apple source (i.e., harvested as tree-picked or dropped fruit; Table 1 ). Red Delicious, Golden Delicious, Macoun, and Melrose apples (fresh and stored) were susceptible to the growth of this bacterium throughout the study period (early September through late October). Fresh McIntosh apples generally inhibited the growth of E. coli O157:H7 following a 2-day incubation period at room temperature (Table 1) throughout the study, and growth was approximately 80-fold less than growth in fresh Red Delicious apples in prolonged growth a The apples were stored at 4°C for greater than 1 month prior to cider extraction. b pH and°Brix determinations of the cider were made prior to inoculation. c Calculated as [(recovery day CFU/ml)/(CFU/ml immediately after cider inoculation on day 0)] ϫ 100%. d C, cycloheximide (1 mg/ml); A, AMP (50 g/ml). Additives were added to the cider immediately after production.
experiments (Fig. 1) . Maximum growth of E. coli in the bruised tissue of Red Delicious and stored McIntosh apples was in the range of 2 ϫ 10 7 to 6 ϫ 10 7 CFU (Fig. 1) . This was higher than the values reported by Janisiewicz and associates (16) , who found that the recovery of E. coli O157:H7 from exposed Golden Delicious apple tissue was in the range of 10 5 to 10 7 CFU per wound. Fresh McIntosh apples occasionally supported growth of the bacterium following a 2-day incubation at room temperature (Table 1) , and fruit stored at 4°C for 1 month prior to testing promoted E. coli growth to the same extent as freshly picked or stored Red Delicious apples (Fig.  1) . In a previous report (8) , I have shown that the appearance of E. coli in apple cider manufactured in Connecticut occurred primarily within a window of time from late October to early November and did not occur early in the production season when cider output was at maximum. Except for fresh McIntosh apples, bruised tissue of the apples tested in this investigation promoted growth of E. coli O157:H7 independent of the time of harvest (Table 1) . Therefore, why didn't the presence of E. coli in cider manufactured in Connecticut occur early in the production season?
Because apple cultivars ripen at different rates (7), the use of a particular cultivar in cider production will vary throughout the cider production season. Fresh McIntosh apples (maturing approximately 135 to 140 days from bloom [i.e., in mid-August] with maximum harvest from early September through midOctober) are used early in the cider production season. Red and Golden Delicious apples (maturing approximately 150 to 155 days from bloom) and Macoun apples are harvested from mid-September through late October, and Melrose apples are harvested in late October. As the cider production season progresses (i.e., early October through late November), the use of fresh McIntosh apples decreases and the use of other cultivars increases. Also, early in the production season (i.e., late August through mid-October) the harvested apples are used very quickly (stored less than 7 days after harvest) due to the demand for apple cider. As the season progresses, apples that have been stored at 4°C for 1 month or longer are predominantly used.
Overall, as the cider production season progresses, predominant usage of an apple cultivar that is less favorable to the growth of E. coli O157:H7 in damaged tissue is replaced by usage of apple cultivars that readily promote the growth of this organism. Therefore, it can be speculated that the time-limited appearance of E. coli in cider manufactured in Connecticut which was reported earlier (8) may have occurred as a result of the cultivar usage pattern and fruit storage practices used in the manufacture of cider.
It is not known why growth of E. coli O157:H7 was inhibited in bruised tissue of fresh McIntosh apples. The limiting pH (i.e., growth/no growth interface) for E. coli M23 at 20°C with no lactic acid is reported to be within the range of 3.6 to 3.8 (23) . Except for Red Delicious and Macoun apples, the average pH values of bruised tissue in the fresh apples used in this study were within this limiting range. Although the pH and°B rix values of the bruised McIntosh tissue (Table 3) were not significantly different from the values of bruised tissue that promoted growth of E. coli (i.e., that of Golden Delicious, Macoun, and Melrose), the overall average pH values observed for the McIntosh cultivar were lower than the average values for the other cultivars (Table 2 ). It is possible that this lower average pH accounted for the difference in growth properties. However, bruised tissue of stored McIntosh apples (tree picked and dropped) had lower average pH values than bruised tissue of fresh apples and promoted growth of E. coli (Table 2 ). This observation would indicate that some factor besides, or in addition to, pH and°Brix accounted for inhibition of E. coli growth in McIntosh apples.
The McIntosh cultivar, first propagated in 1870 as a chance seedling on the John McIntosh farm in Ontario, Canada (2), might lack some physical property of the bruise that is present in cultivars propagated from other sources. It has been suggested that the ability of this microbe to grow in apple tissue is due to the development of a favorable microenvironment within the fruit (16) . The failure of E. coli O157:H7 to grow in cider produced from a single apple cultivar (Table 4) , while it was able to grow in damaged tissue of the same cultivar (Table  1) , would support the idea that some property (i.e., a microenvironment) within bruised tissue permitted growth of the microbe. Development of such a microenvironment may not occur in bruised tissue of fresh McIntosh apples. However, growth in bruised tissue of stored McIntosh apples and the occasional growth in fresh apples (Table 1 ) indicated otherwise.
Alternatively, the inhibition of E. coli growth in McIntosh apples may have been due to some compound(s) not present in the other cultivars. The observation that McIntosh apples demonstrated good growth of E. coli after storage (Fig. 1) supports the possibility of the presence of some compound(s) that is unstable or volatile and lost upon storage. Also, the fast decline in E. coli cell concentration in cider made from McIntosh apples in comparison to the declines in cider made from the other cultivars (Table 4 ) supports the presence of such a compound(s). The presence of an inhibitory compound(s) would not negate the effect of low pH or the necessity for the existence of a microenvironment to overcome the inhibitory effects of pH. Research to determine whether an inhibiting factor exists in the McIntosh apple and to characterize this factor will be performed.
Regardless of the source of E. coli for contamination of apples, the ability of this pathogen to grow in damaged fruit will, in comparison to surface contamination of fruit, considerably lower the number of E. coli cells initially needed to contaminate cider. Also, growth of E. coli O157:H7 in the apple will protect the pathogen from certain sanitation practices (i.e., washing and brushing of fruit) and, due to growth in the moderate pH of the bruise, will likely predispose the bacterium for survival in the low pH of cider (1, 19, 20) . Based on current cider production practices, the growth of E. coli in damaged apples poses a greater risk for contamination of cider than surface contamination of apples only.
